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a b s t r a c t
Single crystalline indium hydroxide (In(OH)3) architectures were prepared by a rapid and efﬁcient
microwave-assisted hydrothermal (MAH) method using indium chloride as the precursor. Nanostruc-
tures were obtained at a low temperature (140 ◦C with a time of 1min). In(OH)3 samples were prepared
at the same temperature for 8 with a time of 64min. Using this method, In(OH)3 samples were obtained
at milder conditions of temperature and time compared to the conventional hydrothermal method.
Field emission scanning electron microscopy images conﬁrm that these samples are composed of 3D
nanocubic, microcubic and irregular structures of about 70nm to 5m in size. Fourier transform Raman
spectroscopy and photoluminescence (PL) measurements were used to characterize the products.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction
The indium hydroxide (In(OH)3) semiconductor with a wide
band gap (Eg) estimated to be 5.15 eV is attractive due to its
electronic andoptical properties [1]. In recentyears, In(OH)3 nanos-
tructures with different morphologies such as cubes [2,3], ﬂowers
[4], truncated polyhedral microcrystals [5], spheres [6], etc., have
been synthesized by several synthesis methods. The physical and
chemical properties of these nano- or micron-sized powders can
be inﬂuenced by shape, size and size distribution of the particles
which depend on the synthesis method. The hydrothermal synthe-
sis has been used to obtain nanostructures and the microstructure
of indium hydroxide using a method which is simple, practical and
environmental friendly [6].
The use of microwave radiation in the hydrothermal system
introduced by Komarneni et al. [7] promotes the development of a
new technique offering reaction kinetic enhancement, formation of
materials with different morphologies, low synthesis temperature
and reduced processing times. Recently, theMAHmethod has been
successfully employed to obtain materials, such as ZnO [8], BaTiO3
[9], CuO [10] and CeO2 [11].
In this paper, we report the rapid synthesis of In(OH)3 single
crystallinenanostructuresusingMAHmethodat a lowtemperature
∗ Corresponding author. Tel.: +55 16 3361 5215; fax: +55 16 3351 8214.
E-mail address: fabiana@liec.ufscar.br (F.V. Motta).
at (140 ◦C) and a short synthesis time (1min) as compared to the
conventional hydrothermal method. In(OH)3 samples prepared at
140 ◦Cwith timesof 8 and64minwere also obtained. The structure,
morphology and photoluminescence properties of these samples
were studied.
2. Experimental
In(OH)3 powders were obtained by microwave-assisted hydrothermal (MAH)
method. The typical experimental procedure is described as follows: 3.6mmol
indium (III) chloride (99% purity, Aldrich) was dissolved in 80mL of deionized
water under constant stirring for 30min. The pH of the solution was adjusted to
10 by adding NH4OH. The reaction system was heated at 140 ◦C for 1, 8 and 64min.
The heating rate in this system was ﬁxed at 25 ◦C/min and the pressure into the
autoclave was stabilized at 294kPa. The MAH (Brazilian patent 2008-PI0801233-
4) one hole was drilled into the wall of a domestic oven (2.45GHz/800W) for a
polytetraﬂuoroethylene (PTFE) vessel in the oven top. The magnetron was moni-
tored to a very efﬁcient proportional-integral-derivative (PID) external controller.
Intuitive software enables the user to control everything from process condi-
tions (temperature, time and heating rate). The user simply deﬁnes the desired
temperature–time proﬁle, and the MAH will automatically carry out the pro-
grammed cycle [9,10]. AfterMAH treatment, thewhite precipitatewaswashedwith
distilled water and dried at room temperature. The powders were characterized
by X-ray diffraction (XRD) using a Rigaku diffract meter (Model D/max-2500/PC)
with Cu K radiation. Raman spectra were obtained using RFS/100/S Bruker FT-
Raman equipment (scan range of 100–1400 cm−1) using the 1064nm exciting
wavelength of a Nd:YAG laser. The In(OH)3 morphology and size were observed
by ﬁeld emission scanning electron microscopy (FE-SEM; Jeol JSM 6330F) images.
UV–vis reﬂectance spectra of In(OH)3 powderswere takenusingCary5Gequipment.
PL spectra were measured using a Thermal Jarrel-Ash Monospec 27 monochro-
mator and a Hamamatsu R446 photomultiplier. The 350.7nm line of a krypton
ion laser (Coherent Innova 90K) was used as the excitation source with out-
0925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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Table 1
In(OH)3 structures obtained by the hydrothermal method using InCl3 as a precursor.
Reagent Synthesis method
Temperature/time
Phase(JCPDS no.) Morphology Ref.
InCl3 +NaOH InCl3 +NH3·H2O Conventional hydrothermal
200 ◦C/1200min
Cubic (76-1463) Cubes-like [2]
InCl3·4H2O Conventional hydrothermal
160 ◦C/720min
Cubic (85-1338) Spheres-like [6]
InCl3·4H2O+urea Microwave-assisted hydrothermal
uncontrolled temperature/3min
Cubic (85-1338) Cubes-like [14]
InCl3·4H2O+ethyleneamine Conventional hydrothermal
210 ◦C/960min
Cubic (85-1338) Cubes-like and spheres-like [15]
InCl3·4H2O+urea Conventional hydrothermal
120 ◦C/720min
Cubic (85-1338) Flower-like [16]
InCl3 +NaOH Conventional hydrothermal
150 ◦C/1200min
Cubic (76-1463) Cubes-like [17]
InCl3 +NaOH Conventional hydrothermal
160 ◦C/1200min
Cubic (85-1338) Rectangular shape [18]
InCl3 +NH4OH Microwave-assisted hydrothermal
140 ◦C/1min, 8min and 64 min
Cubic (85-1338) Cubes-like, rectangular-like
and irregular-shaped
This work
put power of the lasers kept at 200mW. All measurements were taken at room
temperature.
3. Results and discussion
X-ray patterns and Raman spectra of the In(OH)3 powders
synthesized at different times (1, 8 and 64min) are presented
in Fig. 1(a) and (b), respectively. All the diffraction peaks could
be indexed to the cubic lattice [space group Im3(204)]. The lat-
tice parameters were calculated using the least square reﬁnement
from the UnitCell-97 program [12], with a=7.9558(4)Å (1min),
7.9541(4)Å (8min) and 7.9632(4)Å (64min) are in good agree-
ment with standard data from a JCPDS card 85-1338 (a=7.979Å),
indicating that crystalline single structures were obtained.
Fig. 1(b) shows tree sharp scattering peaks in the ranges 309,
358 and 392 cm−1 referent to In(OH)3 Raman modes. According to
crystallography data, the globally cubic matrix of indium hydrox-
ide and Raman spectrum exhibited characteristic modes. Raman
spectroscopy is a feasiblemethod due to its sensitivity to the short-
range order such as clusters where the degree of local order is such
that structurally inequitable sites can be distinguished because of
their different types of electronic transitions and are linked to a
speciﬁc structural arrangement [13].
Many researchershave reported In(OH)3 powderswithdifferent
morphologies obtained by conventional hydrothermal synthesis
using different routes. Table 1 shows In(OH)3 structures obtained
froman InCl3 precursorusing a conventional hydrothermalmethod
and the MAH method reported in this work. Koga and Kimizu [14]
reported the synthesis of In(OH)3 particles using MAH method
for 3min (short treatment time), however the temperature in this
system and the pressure in the autoclave are not controlled. In
the present method, the rapid heating colloidal suspension by
microwave radiation led to the growth and enhance crystal growth
of In(OH)3 under conditions controlled of low temperatures, short
reaction times and pressure. Furthermore, rapid heating under
hydrothermal conditions offers higher mobility of dissolved ions
and accelerates solid particles to high velocities, increasing the col-
lision rate and effective fusion at the collision point [8,9].
Fig. 2(a) and (b) depicts FE-SEM images of the In(OH)3 shows
cubic and irregular structures (obtained at 140 ◦C/1 and 8min).
According XRD results the In(OH)3 phase is formed with 1 and
8min however these times of treated hydrothermal shows that
the morphology presented is less deﬁned than 64min of treated.
Microcubes and rectangular-shaped structures with a smooth and
uniform surfacewhere the angle between the adjacent edges is rel-
atively close to 90◦ (Fig. 2(c)) as observed [3]. The edge length of
the In(OH)3 structures ranging from 70nm to 5m are observed.
The increase in the particle size can be attributed to hydrothermal
conditions [3].
Optical diffuse reﬂectance measurements have been carried out
on In(OH)3 particlesobtainedunderMAHconditions.Anestimation
of the optical band gap “Eg” was obtained using the Wood and Tauc
method [19] (see Fig. 3, inset (b)–(d)), the calculated values of Eg
Fig. 1. In(OH)3 powders obtained by the MAH method at 140 ◦C for 1min, 8min,
and 64min. (a) XRD patterns and (b) Raman spectra.
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Fig. 2. FE-SEM images of In(OH)3 structures obtained by the MAH method at 140 ◦C
for (a) 1min, (b) 8min and (c) 64min.
were 4.95, 5.11 and 5.40 eV for the samples treated at 140 ◦C for 1,
8 and 64min, respectively.
PL spectra of In(OH)3 samples synthesized at different treat-
ment times are shown in Fig. 3(a). The broad and intense band
emission covering a large part of the visible spectra (from 400 to
750nm) can be observed for In(OH)3 particles. The proﬁle of the
emission band is typical of a multiphonon and multilevel process,
i.e., a system in which relaxation occurs by several paths involving
the participation of numerous states within the band gap of the
material [20]. Using the Gaussian method, PL curves of the sample
heated at 140 ◦C were decomposed into ﬁve components, refer-
ring to the region in the visible spectrum where its maximum peak
intensity appears (Fig. 3(b)–(d)). The PL curves for all samples are
composed of ﬁve PL components: a violet (maximum in 435nm), a
blue (maximum in 474nm), a green (maximum in 526nm), a yel-
Fig. 3. (a) PL spectra of In(OH)3 structures obtained at 140 ◦C at different reaction
times and (b)–(d) PL deconvolution curves of samples obtained after 1min, 8min
and 64min, respectively. (UV–vis reﬂectance spectra are shown in inset (b)–(d).)
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low (maximum in 581nm) and a red (maximum in 657nm). Each
color represents a different types of electronic transition and can be
linked toa speciﬁc structural arrangement. PL curveswereanalyzed
using thePeakFit deconvolutionprogram[21]. Violet andbluemax-
imum percentage areas were observed for the sample treated for
8min. Recently, Shi et al. [5] reported In(OH)3 truncated polyhedral
microcrystal formation via hydrothermal treatment at 180 ◦C for 16
and 18h that showed two emission peaks at 496.6 and 419.2nm.
Yan et al. [22] showed a broad PL blue-green emission at 480nm
of In(OH)3 nanocubes. This high PL intensity seems to indicate
that this material presents an optimum structural order–disorder
degree resulting in photoluminescence which can be associated
with different In(OH)3 defects generated during the synthesis pro-
cess [23]. Crystalline In(OH)3 belongs to n-type semi-conductors
where oxygen vacancies can induce the formation of new energy
levels in the band gap. Thus, during the MAH process, the displace-
ment of oxygen related to the In modulates different species of
trapped holes (Vo
•
, Vox and Vo
••
species) around [InO5Vox] clus-
ters and gives rise to complex cluster vacancies [4,8,22,23]. The
differences observed in the position of the maximum PL emission
in In(OH)3 probably can be associatedwith the structural organiza-
tion levels, preparation method and thermal treatment conditions.
These factors can be responsible for generating visible color centers
in the In(OH)3 lattice and contribute to the PL emission.
4. Conclusion
In summary, cubes-like, rectangular-like and irregular-shaped
In(OH)3 was prepared by the MAH method. The single phase was
obtained at a low temperature and a short synthesis time. The
In(OH)3 obtained exhibits a strong violet-blue PL emission which
allows it to be considered as a promisingmaterial for electronic and
optical properties.
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